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a b  s  t  r a  c t
In  addition  to chloride  induced corrosion,  the  other  commonly  occurring  type  of  rebar corrosion  in rein-
forced concrete  structures  is  that  induced by  the  ingress of atmospheric carbon  dioxide into concrete,
commonly  referred  to as ‘carbonation  induced  corrosion’.  This  paper  presents  a new approach  for  detect-
ing  the  onset and  quantifying  the  level of carbonation  induced rebar corrosion.  The approach is based
on the  changes in  the  mechanical  impedance  parameters  acquired  using  the  electro-mechanical  cou-
pling  of a  piezoelectric  lead zirconate  titanate  (PZT)  ceramic patch bonded  to  the  surface of the  rebar.
The approach is non-destructive and  is demonstrated  though  accelerated tests  on reinforced concrete
specimens  subjected  to controlled  carbon dioxide exposure  for  a period spanning over  230 days.  The
equivalent  stiffness  parameter,  extracted from  the  frequency  response  of  the  admittance  signatures of
the  PZT  patch,  is found to increase with  penetration  of carbon  dioxide inside the  surface  and the  con-
sequent  carbonation,  an observation  that  is correlated  with phenolphthalein staining. After the  onset  of
rebar  corrosion, the  equivalent  stiffness  parameter  exhibited  a reduction in magnitude over time,  provid-
ing  a clear  indication  of the  occurrence  of corrosion and the  results  are  correlated  with  scanning  electron
microscope  images  and  Raman  spectroscopy  measurements.  The  average rate  of corrosion is determined
using the  equivalent mass  parameter. The  use  of  PZT  ceramic  transducers,  therefore, provides an alternate
and  effective  technique  for diagnosis  of carbonation  induced  rebar  corrosion initiation  and  progression
in reinforced  concrete  structures  non-destructively.
©  2016 The Authors.  Published  by  Elsevier B.V. This is an open  access article  under  the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Rebar corrosion is  widely regarded as the most common cause
of deterioration and premature failure of reinforced concrete (RC)
structures [1].  In general, concrete is  expected to provide a high
degree of corrosion protection to the embedded steel rebars owing
to  its highly alkaline nature. A well compacted and cured concrete,
with low water-cement ratio, has a  permeability that is low enough
to inhibit the penetration of corrosion inducing agents from the
environment. However, such ideal conditions are seldom met  in
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practice, leading to  corrosion of the reinforcement, which is the
major tensile load resisting element in RC structures.
Rebar corrosion is  of two  types, namely (i) chloride induced
and (ii) carbonation induced. In the first type, chloride ions, either
present in the raw materials or introduced from outside, due to
insufficient cover or high permeability, lead to  the breakdown of  the
alkaline passive film around the rebar [2,3].  The second type of  rebar
corrosion, namely carbonation induced corrosion, results from the
ingress of atmospheric carbon dioxide (CO2) into the concrete. The
penetrated CO2 dissolves in  the pore solution to form carbonic acid,
which reacts with calcium hydroxide and unhydrated silicates in
the cement paste, forming mainly calcium carbonate [4].  Although
calcium carbonate fills up  the concrete pores leading to  a  somewhat
lower permeability, the associated drop in  the pore fluid alkalinity
from a  pH value of over 12 to as low as 8 disrupts the passivating
layer surrounding the steel reinforcement, leading to corrosion [5].
http://dx.doi.org/10.1016/j.sna.2016.02.033
0924-4247/© 2016 The Authors. Published by Elsevier B.V. This  is an open access article under the CC  BY license (http://creativecommons.org/licenses/by/4.0/).
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Irrespective of whether the primary mechanism is chloride or car-
bonation induced, rebar corrosion is generally accompanied by the
loss of cross section and the accumulation of corrosion products,
which occupy much larger volume than the original steel. Hence,
this process generates tensile stresses, which leads to  cracking and
spalling of the concrete [3].  Rebar corrosion may  not necessarily
imply structural collapse but it causes significant loss of structural
serviceability.
A wide range of electro-chemical/non electro-chemical tech-
niques and sensors based techniques have been reported in the
literature for the purpose of diagnosing and quantification of the
rebar corrosion. Table 1 summarises some of the techniques along
with their advantages and limitations [6].  Recently Miller et al. [7]
described an inductive sensor to image steel reinforcement bars
in concrete and visualise surface corrosion. The present research
uses the electro-mechanical impedance (EMI) technique which has
recently emerged as a  promising tool for structural health monitor-
ing (SHM) and non-destructive evaluation (NDE) for a  wide variety
of materials and structures. This technique works by comparing the
sensor response in  a  healthy (undamaged) structure to the response
measured at a specific time point of interest. Differences are then
associated with chemical change, such as corrosion, or  a physical
change such as cracking.
Talakokula et al. [6] recently proposed an EMI  based approach
for detecting and measuring the level of chloride induced rebar cor-
rosion, validated through accelerated corrosion tests on embedded
rebars. This paper focuses on extending the approach to carbona-
tion induced corrosion, which operates with a  somewhat different
mechanism and reports on a  study involving accelerated carbon-
ation tests carried out on cylindrical specimens, spanning over
230 days of exposure. The corrosion assessment is  based on the
mechanical impedance parameters determined from EMI signa-
tures of a piezoelectric lead zirconate titanate (PZT) ceramic patch
bonded to the surface of the rebar. The PZT based equivalent stiff-
ness parameter (ESP) and equivalent mass parameter (EMP) has
been primarily employed for corrosion assessment. The results
are correlated with phenolphthalein stain test and high resolution
microscopic images. The following sections of the paper cover the
physical principles of the EMI  technique followed by  experimental
results and analysis.
2. Fundamentals of the eletro-mechanical impedance (EMI)
technique
Piezoelectric materials are categorized as ‘smart’ materials
owing to their ‘stimulus-response’ behaviour, exhibited with ref-
erence to mechanical and electrical domains. When subjected to
mechanical stresses, a PZT patch develops surface charges, a phe-
nomenon called the ‘direct piezoelectric effect’. Similarly, when
subjected to an electric field, it undergoes mechanical strain, often
referred to as the ‘converse piezoelectric effect’. The direct and the
converse effects are mathematically represented by Eqs. (1) and (2)
respectively [8]:
D3 = ε
T
33
E3 + d31T1 (1)
S1 =
T1
YE
+ d31E3 (2)
where S1 is the strain along axis ‘1’, D3 the electric displacement
over the surface of the PZT patch, d31 the piezoelectric strain coef-
ficient and T1 the axial stress in the patch along axis ‘1’. It is assumed
that the axis ‘3’ points along the thickness of the PZT patch and the
axes ‘1’ and ‘2’ lie in  the plane of the patch as shown in  Fig. 1(a) and
(b) for a typical PZT patch. YE = YE(1  + j) represents the Young’s
modulus of the patch at constant electric field and εT
33
=  εT
33
(1 −  ıj)
is its electric permittivity at constant stress, with  and ı denoting
the mechanical loss factor and the dielectric loss factor respectively.
The EMI  technique, which is  the tool used in  this paper for diag-
nosing the corrosion initiation and progression, exploits the direct
and the converse effects simultaneously and has been demon-
strated to be capable for SHM of a wide variety of engineering
structures, ranging from laboratory sized components to large pro-
totype structures [9–12]. Several new cost-effective variants of the
technique have also been proposed [13–15].  The EMI  technique is
essentially vibration based in nature, however operating in a  some-
what high frequency range of 30–400 kHz. Such high frequencies
of vibrations are achieved by electrically exciting the PZT patch (in
turn bonded to the surface of the structure to be monitored), by
means of an impedance analyzer/inductance capacitance and resis-
tance (LCR) meter. Under such external field excitation, the bonded
patch induces deformations in  the host structure (converse effect),
whose response is  transferred back to  the patch (direct effect) in
the form of an admittance signature, consisting of the conductance
‘G’ (real part) and the susceptance ‘B’ (imaginary part). Frequencies
in excess of 500 kHz are not favourable due to a  strong possibility
of the sensing region becoming extremely localized relative to the
PZT patch [7,16].  It is  of interest to note that in this context, the
conductance/susceptance relate to the piezoceramic sensor and its
electro-mechanical response due to  the mechanical properties of
its surrounding environment; it is  therefore not possible to specifi-
cally relate the sensor conductance to that of the galvanic corrosion
process on the surface of the rebar. Any damage to  the host struc-
ture affects the dual process (direct and converse effect) and leads
to a change in the admittance spectrum, that is, the plot of  conduc-
tance/susceptance as a  function of frequency. This in  turn provides
the necessary Indication for detection of damage. Liang et al. [17]
proposed the impedance based analytical formulations to model
PZT-structure electro-mechanical interaction in 1D structures that
are  relevant to the EMI  technique. Bhalla and Soh [18] extended
Liang’s impedance formulations to 2D structures, (Fig. 1c), by intro-
ducing the concept of ‘effective impedance’. They had taken into
account the signatures of the PZT patch prior to integration into the
structure, often termed signatures under ‘free-free’condition. Use
of these signatures in the governing 2D  wave equation, allowed
derivation of the following expression for the complex electro-
mechanical admittance Y as
Y =  G + Bj = 4ωj
l2
h
[
εT
33
−
2d2
31
YE
(1 −  )
+
2d2
31
YE
(1 − )
(
Za,eff
Zs,eff +  Za,eff
)
T¯
]
(3)
where, l  is  the half-length of the patch,  the Poisson’s ratio of the
patch and ω the angular frequency. The term T is  the complex tan-
gent ratio, ideally equal to tan (kl)/kl, with k  = ω
√
(1 − 2)/YE
being the wave number. Correction factors C1 and C2 (determined
from the signatures of the PZT patch in the ‘free-free’ condition)
were introduced by Bhalla and Soh [18] to realistically represent
the behaviour of an actual PZT patch, introducing the modifying
expression for Tas
T  =
1
2
(
tan(C1kl)
C1kl
+
tan(C2kl)
C2kl
)
(4)
Further, the modified mechanical impedance of the PZT patch
was derived as
Za,eff =
2hYE
jω(1 − )T
(5)
It can be observed from Eq.  (3) that any damage to the host struc-
ture (i.e. any change in mechanical impedance ‘Zs,eff ’) will induce
a  deviation in  Y , thereby providing an indication of the damage.
Using the computational procedure outlined by Bhalla and Soh
[19],  Eq.  (3) can be utilized to obtain the real and the imaginary
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Fig. 1. PZT patch and its interaction with host structure. (a)  Geometric details of a typical PZT patch (b) Modelling scheme of PZT-structure interaction 1D (c)  A PZT patch
bonded to the host structure 2D.
components (x and y respectively) of the structural impedance
Zs,eff = x + yj at a  particular angular frequency ω from the mea-
sured G and B values. Thus, bonding a  PZT patch to  a  structure and
measuring its admittance signature enables the determination of
the drive point mechanical impedance of the structure, Zs,eff = x  +  yj,
from the measured data alone, without demanding any a  priori
information governing the phenomenological nature of the struc-
ture. Depending upon the variation of ‘x’ and ‘y’ with frequency
and the associated values, the inherent elements constituting the
host structure can be identified [20]. Soh and Bhalla [11] and Bhalla
et al. [12] found in their experiments that the PZT patches iden-
tified the host structure as a  Kelvin-Voigt system, consisting of  a
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Table  1
Comparison of various corrosion detection techniques [6].
Detection technique Advantage Disadvantage
Half-cell potential
measurements
• Common procedure for routine inspection of RC structures
• Simple and cost-effective
• Provides only information on probability of corrosion,
cannot indicate corrosion rates
•  Values can be misleading
•  Only a first approach to  corrosion detection and must be
complimented by  other techniques for corrosion rates
• Requires the knowledge of potential in non-corroded
areas
Polarization resistance
technique
•  Provides a measurement of the corrosion rate in terms of current density
• An instantaneous measuring system
• In most cases, e.g., when the  cover concrete is too thick,
the confinement of the polarization area may  not be
achieved.
Gravimetric mass loss
measurements
• Most effective method for calculating corrosion rates • Destructive method
•  Requires the knowledge of the  mass of rebar in healthy
state
EMI  technique • The assessment is non-destructive in nature
• Detection is based on the structural response
• Equivalent structural parameters can be extracted thus circumventing the
determination of actual parameters
•  Reduces number of sensors by  allowing self-sensing actuation
• Sensitive to damage induced due to  carbonation related corrosion
• Maintaining sensor health and bonding is  important
•  Requires knowledge of a  healthy structure
Table 2
Specimen identification number, dimensions and cover to  reinforcement.
Specimen Specimen size  (mm)  Cover to reinforcement (mm)
1 60 × 100(Reference specimen) 22
2  25 × 100 4.5
3  35 × 100 9.5
4  45 × 100 14.5
parallel combination of spring and the damper elements. The stiff-
ness element, termed as the ESP, has been found to be related to
the actual stiffness of the host structure. Monitoring the ESP at dif-
ferent times provides an accurate condition of the residual stiffness
of the structure and can be employed for SHM.
The next sections describe the identification of structural sys-
tem based on the values of ‘x’ and ‘y’ and utilization of the ESP for
monitoring and quantifying the severity of the structural damage
induced by carbonation on rebars embedded in concrete.
3. Accelerated carbonation tests on  RC specimens:
experimental procedure
Four RC cylinders of grade M30  [21] were cast with diameters of
25, 35, 45 and 60 mm respectively and length 100 mm,  as described
in  Table 2. A single piece of 16 mm diameter high yield deformed
(HYD) steel rebar, grade Fe415 [22],  was cast at the centre of each
cylinder. The rebar’s length was 130 mm,  allowing 30 mm to  project
out at one end of the cylinder, as shown in Fig. 2.  The four dif-
ferent diameters provided concrete cover depths of 4.5, 9.5, 14.5
and 22 mm respectively. Specimen number 1,  with a cover depth
22 mm,  was employed as a  reference for the purpose of monitoring
carbonation penetration depth through phenolphthalein staining.
No  PZT patch was attached to the reference sample as this was to
be used for destructive testing such as for phenolphthalein staining
to determine the carbonation depth and imaging analysis. On  the
other samples, a PZT patch measuring 10 × 10 × 0.3 mm  (Fig. 1a), of
ferroelectric grade PIC 151 [23] was bonded to the rebar at the mid
length, where a small flat surface was achieved through machin-
ing to allow for the bonding of the patch, as shown in Fig. 2.  A thin
layer of epoxy was applied on the machined rebar surface first and
the PZT patch was placed on it; the whole set-up was then kept
Table 3
Concrete mix  design specification.
Materials Quantity
Water cement ratio 0.4
OPC  (kg/m3)  500
Fine aggregate (kg/m3)  570.5
Coarse aggregate (kg/m3) 10 mm  1062.2
Slump (mm)  100
undisturbed at room temperature for 24 h to enable full curing of
the adhesive, after which wires were soldered to the PZT patch’s
electrodes. The PZT patch was  then covered with an additional thin
layer of epoxy adhesive as a protective measure. The concrete cylin-
drical specimens were cast using ordinary Portland cement (OPC)
53 Grade, fine aggregate of Zone 1 grading [24] and crushed coarse
aggregate of nominal size 10 mm.  Table 3 presents the details of
the composition of the concrete mix. The moulds were filled with
concrete in three layers along with the rebar (with the PZT  patch
bonded on  it), taking particular care in pouring the concrete to avoid
damage to  the sensor. The concrete was  compacted carefully using
a table vibrator. For the 25 mm diameter specimen, it was neces-
sary to remove some of the larger pieces of the aggregate from the
mortar at the time of casting to accommodate the thin concrete
cover of 4.5  mm.  The specimens were demoulded after 24 h of cast-
ing. The wires of the PZT patch were connected to an LCR meter
(Agilent E4980 [25]). In this manner, the electro mechanical admit-
tance signature, consisting of the real part (G) and the imaginary
part (B) were acquired in the frequency range of 50–400 kHz. A
frequency interval of 100 Hz was  used for each impedance mea-
surement.
Compared to chloride-induced corrosion, carbonation is a
slower process. In high-quality concrete, it has been estimated that
carbonation will proceed at a  rate of not more than 1.0 mm  per
year [26]. The carbonation rate is significantly increased in  con-
crete with a high water-cement ratio (more than specified by IS
10262, 2009 [27]), low cement content, short curing period, lower
strength, and highly permeable or porous paste. In addition, the car-
bonation rate is highly dependent on the relative humidity of  the
concrete. The highest rates of carbonation occur when the relative
humidity ranges between 50% and 75%. Carbonation-induced cor-
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Fig. 2. Rebar specimen. (a)  Typical specimen geometry (b)  typical sample.
rosion typically occurs on areas of building facades that are exposed
to rainfall, shaded from sunlight, and have smaller concrete cover
over the reinforcing steel [27]. Since the carbonation process is  too
slow under natural conditions, accelerated carbonation is  preferred
in the laboratory investigations since the 1960s [28].  In the present
study, the accelerated corrosion experiments were initiated after a
period of 28 days from the day of casting, assuming that any further
concrete strength gain on account of concrete curing is  negligible.
After the baseline signatures were acquired, the specimens were
placed in a carbonation chamber. The CO2 concentration in  the
chamber was maintained at 5% under a  relative humidity of 75 ±  5%
and temperature of 25 ◦C. Studies of the chemical changes and
phase analysis of Portland cement pastes under conditions of accel-
erated carbonation in excess of 3% (CO2 concentration) have been
conducted by Castellote and colleagues [29]. They demonstrated
that, when CO2 concentrations were in  excess of 3%, microstruc-
tural changes were observed compared to  ambient conditions. This
should be considered when translating results from this study to
systems carbonating under ambient conditions. Wax  was  applied to
the circular ends of each cylindrical samples to allow CO2 ingress
radially from the sides only. During the accelerated carbonation
exposure, the admittance signatures were acquired at frequent
intervals throughout the experimental exposure period of 230 days.
In order to measure the carbonation penetration depth, a  20 mm
thick slice was  cut  from the bottom of the reference specimen, as
shown in Fig. 3 and the fracture surface was sprayed with a  satu-
rated solution of phenolphthalein indicator in  ethanol. The slicing
was done on the same face in  dry conditions. However, the ends
were covered immediately with wax after cutting, so that any CO2
ingress or diffusion of moisture takes place only radially. Maximum
and minimum depth of carbonation was measured and numerically
averaged. During the exposure period, the carbonation penetra-
tion depth was periodically measured using the phenolphthalein
staining by cutting fresh slices from the reference specimen.
At high pH (uncarbonated), the indicator has a bright pink
colour. However, below a  pH of 8.6 (carbonated condition), it
becomes colourless. The interface between the pink and the
colourless regions indicates the carbonation front. Maximum and
minimum penetration depths were measured and numerically
averaged. Depths of 2.5, 12 and 15 mm  were observed at 15, 30 and
40 days respectively. The low values of carbonation depth observed
during the initial days may  be attributed to the initial high moisture
content in the specimens. Based on the concrete covers described
previously (see Table 2), it is estimated that the carbonation front
reached the rebar after 18,  26 and 39 days for specimens 2, 3  and
4 respectively. The numbers of days has been calculated assuming
that carbonation follows a  square root time law. The next section
correlates these observations (which are made through destructive
tests) with ESP obtained non-destructively via the EMI  technique.
The baseline signatures of the specimens were first acquired
as reference prior to placing in the carbonation chamber. Fig. 4
shows the baseline conductance spectrum of the PZT patches of
three specimens, acquired after 28 days of curing, before being sub-
jected to  accelerated carbonation. Even though the initial baseline
signatures of the specimens are  different, when applying the EMI
technique it is the variation of the signature of interest with the
baseline signature that is important as it is  used here to deduce
changes in the specimen.
4. Changes in impedance based equivalent parameters
during carbonation
Fig. 5 (a–c) show the conductance signatures of the bonded PZT
patches for the three test specimens (Nos. 2–4) acquired during
various times. It is  worth noting that all the specimens were 28  days
old before the initiation of the experiment and hence the majority of
the hydration process was already completed. The figures show that
the resonance peaks of the conductance signature have changed
their magnitude and frequency for all the three specimens with
increasing carbonation.
To quantify damage, at first crudely, root mean square deviation
(RMSD) metric was  utilized, which is defined as [12]
RMSD =
√√√√√√√√√
N∑
1
(
Gi −  G
0
i
)2
N∑
1
(
G0
i
)2 ×  100 (6)
where Gi is the conductance of the PZT patch at any stage dur-
ing the test and Gi
◦ is the baseline value (in pristine condition), i
representing the frequency index (100–400 kHz). Fig. 6(a–c) shows
the variation of the RMSD index of the three specimens against
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Fig. 3. Phenolphthalein indicator solution applied to a fresh fracture slice of concrete. (a)  Schematic diagram showing reading locations. (b)  Section xx.
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Fig. 4. Baseline conductance signatures of PZT patch embedded in  RC cylindrical
specimens.
the exposure period. The RMSD values increased during the expo-
sure period, which provides a useful indicator that the PZT sensors
are sensitive enough to  identify changes in  the system. This is not
always the case, as previous studies on other systems such as rein-
forced concrete structures and steel bolted joints [6,12]. RMSD
sometimes exhibit a  random response, hence under these condi-
tions the RMSD approach is unreliable. Additionally RMSD is a  non
-parameter based statistical index to quantify the changes in the
signature acquired by  the PZT patch. Previous studies by  the authors
[6,12] have confirmed that it is  suitable for preliminary analysis not
very  reliable for in  depth analysis. It just provides the deviation of
the raw signature with respect to the baseline, thereby not directly
linking to any structure related parameter
4.1. Equivalent stiffness parameters (ESP)
To gain deeper insight into the corrosion mechanism, equivalent
structural parameters were extracted from the impedance spec-
trum using the computational procedure outlined by  Bhalla and
Soh [19].  The extracted mechanical impedance Zs,eff consists of the
real and imaginary components x and y  respectively. Observing the
variation of x and y closely in the frequency range of 150–250 kHz
revealed that the variation is  similar to  the variation of x  and y of
a parallel spring-damper-mass (k-c-m) combination [20] as shown
in Fig.7(a). For this system,
x = c and y  = m ω −
k
ω
(7)
where c  is the equivalent damping parameter, k the equivalent
stiffness parameter (ESP), m the equivalent mass parameter (EMP)
and ω the angular frequency. The variation of ‘x’ and’y’  for both
equivalent system (parallel spring-damper-mass) and that of  the
experimental is shown in Fig. 7(b and c) for a typical specimen
(no.2), confirming the observation that the host structure has been
identified as a  parallel spring-damper-mass system.
For this system, the values of the ESP and the EMP  of  the host
structure were determined using Eq. (7) (refer [6], for details).
Fig.  8 displays the effect of the accelerated carbonation exposure
on the identified ESP, which shows an initial increase in  ESP for
all the three specimens. This increase is attributed to calcium car-
bonate formed during carbonation, filling the pores and leading
to an increase in stiffness. However, once the carbonation front
reached the steel/concrete interface, a reduction in  alkalinity and
subsequent break down of the passive film is expected to trig-
ger corrosion. The greater volume of the corrosion products would
induce stresses in the adjacent concrete material, leading to the
formation of micro-cracks and a decrease in the ESP values. Hence,
the phase where the ESP value begins to decrease indicates the ini-
tiation of corrosion. From these plots, based on the trend of the
ESP, this period can be projected to be  lie somewhere between
50 and 90 days of exposure, the exact time differs from one spec-
imen to other. It  should also be emphasised that the ESP values
are  not directly related to  the depth of carbonation. Depths of 2.5,
12 and 15 mm were observed at 15, 30 and 40 days respectively
by means of destructive tests conducted on the reference speci-
men as described before. The carbonation process lowers the local
pH around the rebar, allowing corrosion to initiate, which in  turn
influences the ESP as discussed before. When considered together
with the cover depths reported in  Table 2,  a  sequential pattern is
noted in relation to  the carbonation front, which reached the rebar
after 18, 26 and 39 days for specimens 2,  3 and 4 respectively. It  can
be noted from Fig. 8 that the peak of the ESP plot does indeed occur
after these specific periods. The ESP based diagnosis clearly proves
its leverage over the conventional statistical diagnostics such as
RMSD as covered before.
In  addition, the non-dimensional stiffness loss (k/k) was deter-
mined to  quantify the level of corrosion damage on account of
carbonation. Fig. 9(a–c) shows the variation of (k/k) with the
exposure period for the three test specimens. From the figures, it
can be observed that for smaller diameter specimen (No. 2), the
downward trend of the curve started when the k/k value reached
0.45. As the diameter of the specimens increased (Nos. 3 and 4),
thereby increasing the cover to steel, it is noted that the peak k/k
values are  lower at 0.4 and 0.3  respectively. Further, relative to the
peak value of the ESP, the decrease in the k/k values of specimens
2, 3 and 4 are found to be 0.3, 0.2 and 0.28 respectively. Based on
the empirical equivalent stiffness model of Talakokula et al. [6],  the
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Fig. 5. Variation of conductance signatures during accelerated carbonation corro-
sion  procress(a) Cylinder No.  2  (b) Cylinder No.  3 (c) Cylinder No. 4.
corrosion process can be identified to be in  the “propagation” phase
for these values of k/k.
4.2. Equivalent mass parameter (EMP)
The initial masses of all the rebars were measured before
embedding them in concrete and after splitting all the specimens,
the final mass loss of the steel bars was determined by  the gravi-
metric method after chemically cleaning the corrosion products.
The EMP  was also calculated directly using Eq. (7) after mathe-
matical calculations (refer [6], for details) during the carbonation
corrosion exposure, without any destructive measure.
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Fig. 6. Variation of Variation of RMSD index during accelerated carbonation corro-
sion procress. (a)  Cylinder No. 2 (b)  Cylinder No.  3  (c)  Cylinder No. 4.
Knowing the actual mass and the PZT identified EMP, a  non-
dimensional mass model is derived as
(
m
m
)
actual
= 	m
(
m
m
)
PZT
(8)
where m is a constant relating PZT identified EMP  with actual
mass loss determined as 0.54 [6].  This correlation will be useful
in  calculating the corrosion rates of the rebar non-destructively,
because measuring the actual mass loss in real life structures is  not
possible as rebar is inside the concrete.
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Knowing the mass loss, the corrosion rate is calculated as
described in ASTM G1-03 [30] using the equation
c =
(k × m)
(a × T × D)
(9)
where c is the corrosion rate (mm/year) K is a  constant equal to
8.76 × 104, m  is the mass loss in  g, a  the area in cm
2, T  time of cor-
rosion exposure in  hours and D is  the density of steel i.e. 7.8 g/cc.
The corrosion rates were calculated using both actual mass loss
as well as the non-dimension mass model Eq.  (8) and are listed
in Table 4. Upon comparing both, it was found that using the
model developed, the corrosion rates can be calculated with rea-
sonable accuracy (average error of around 10% only). This is a  very
Fig. 8. Variation of equivalent stiffness during accelerated carbonation corrosion
process. (a) Cylinder No. 2 (b) Cylinder No. 3 (c) Cylinder No.  4.
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Table 4
Comparison of corrosion rates for specimens Nos. 2, 3 and 4 determined from gravimetric mass loss and PZT identified mass loss.
Specimen Actual corrosion rates using
gravimetric mass loss
(mm/year)
Corrosion rates using PZT identified
mass loss after incorporating 	m
(mm/year)
Percentage error
2 0.059 0.067 13.5
3  0.048 0.052 8.3
4  0.012 0.013 8.3
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important observation, which establishes that  the application of the
proposed methodology enables circumventing the determination
of actual mass loss, which in  practice is  infeasible.
5. Correlation with microscopic image analysis and Raman
analysis
To verify the nature of changes highlighted by the ESP, con-
ventionally available experimental techniques including optical
microscopy, scanning electron microscopy (SEM) and Raman spec-
troscopy were applied to representative cross sections of  the
specimens. The sections were cut during the exposure period for
performing these tests. In  order to produce high quality polished
sections and reduce the possibility of mechanical damage, the end
of each cylinder was embedded in  low-viscosity resin at atmo-
spheric pressure prior to polishing. The sections were then cut
perpendicularly to the cylinder longitudinal axis (parallel to  the
basal face) using a diamond impregnated cutting disc in dry condi-
tions. The surface of each section was subsequently ground using
progressively finer silicon carbide papers from 180 to 1200 grit size
before polishing with 6, 3 and 1 m diamond paste. A final polish
was achieved using colloidal silica suspension. Optical inspection of
the polished sections was  carried out using a Leica DM ILM inverted
metallurgical microscope equipped with an Infinity 1 digital cam-
era (Leica Microsystems, Milton Keynes, United Kingdom). Images
of the sections were acquired using Studio Capture Software ver-
sion 4.0.1.
Fig. 10b shows an SEM image taken at 243 days (reference spec-
imen) which shows calcium carbonate crystals within the pore
structure which can be used to explain the increase in the ESP
values on account of stiffening action (see Fig.  10a  carbonation pen-
etration phase pre-peak of ESP of specimen 2). It should be noted
that calcium carbonate is a  stable phase and within the time period
between the peak equivalent stiffness at approximately 67  days and
the end of the monitoring period when the image was taken at
243 days no significant changes would be expected. Fig. 10c shows
cracking in specimen 2,  which resulted in the decrease of the ESP
values in post-peak phases. It is also noteworthy that such cracking
would not be visible in the SEM image presented.
Several cracks (black areas) are visible propagating from the
rebar (upper part of the image) towards the external surface (lower
part). Cracks often follow the interface between the aggregate and
the cement matrix. This results in  the decrease of ESP values. The
relative ESP values have already indicated the corrosion to be in
the propagation phase, which correlates well with the microscopic
findings. Hence, the ESP provides a  strong indication of the changes
occurring during the carbonation process.
To verify the nature of the oxides formed on the rebar sur-
face (which, through expansion led to the formation of the cracks
identified during with the optical microscope), analysis was  per-
formed using Raman spectroscopy of the metal phase located at
the cement/rebar interface. A Renishaw inVia Raman Spectrome-
ter with a laser of wavelength 532 nm (green visible light) was  used.
The laser was  set at 100% of the power; and scans were performed
between 100 and 3200 cm−1 with only one accumulation and an
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Fig. 10. Correlation of ESP values with SEM and optical images. (a)  ESP values for carbon penetration phase (Region I)  and corrosion initiation/cracking phase (Region II).
(b)  high magnification secondary electron image (scale bar 10 m)  corresponding to a typical internal crack microstructure at 243 days (c) low magnification optical image
(scale bar 300 m)  of  a polished section between the rebar (top) and sample edge (bottom) at  243 days.
exposure time of 10 s. A WiRE software version 3.4 developed
by Renishaw plc, New Mills, Wotton-under-Edge, Gloucestershire,
United Kingdom, was used to set the experiment and acquire the
spectra.
Fig. 11 shows one of these spectra with the corresponding loca-
tion along the interface highlighted by  a  red dot in  the box (upper
right corner). Peaks in the spectrum are located at 220, 278, 390,
486, 582, 804, 1058, 1280 cm−1. Data reported in  the scientific
literature by Oh et al. [31] attributed the peaks at 220, 278 and
1280 cm−1 to hematite -Fe2O3. It is already known, in  fact, that
depending on the crystallinity and grain size, the characteristic
double at 294/225 cm−1 of this mineral in some cases shifts down-
ward in wave number [31]. Peaks at 390, 486 and 582 cm−1 are
attributed to goethite -FeOOH [32].  Both these phases are com-
mon  in the corrosion products associated with rebar corrosion.
6. Conclusions
This paper has presented a  new approach for monitoring the
progression of carbonation and the coupled rebar corrosion in RC
structures based on the ESP and EMP  parameters extracted from
the admittance signatures of PZT patches surface-bonded to the
rebars. This is  the first ever study involving PZT sensors and utilizing
the EMI  technique to  diagnose carbonation induced corrosion ini-
tiation and progression. The main objective was  proof-of-concept
demonstration of the ESP and EMP  based rebar carbonation ini-
tiation, progression and quantification. A total of four specimens
were tested, all of which showed consistent results, commensu-
rate with the individual cover thickness. The ESP extracted from the
admittance signatures of surface-bonded PZT patches is established
as a reliable carbonation progression as well as rebar corrosion
indicator. ESP correlates well with the microscopic image analy-
sis. The average rate of corrosion has been determined using EMP
and compared with the actual corrosion rates using gravimetric
mass loss measurements, the error has been found to be around10%
only. The most promising feature of the proposed approach is
that the two main phases in the process, namely carbonation
penetration through concrete cover and corrosion initiation are
determined. The significance of the proposed approach is that it
is non-destructive in  nature, simple and fully autonomous. The
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Fig. 11. Raman spectrum of -hematite (Fe2O3) oxide layer on  steel rebar extracted from sample 2  at 243 days. Inset shows optical image of polished section and location
of  analysis. Cement matrix shown in top right hand side dark area and steel re bar shown in light bottom left  hand side.
empirical correlation derived from the PZT patches can be utilized
in carbonation induced corrosion of rebars in  real-life RC structures,
where they are not exposed for direct visual check.
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